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Abstract 
Invasive plant species have the ability to alter ecosystems through the 
modification of biological processes, including soil structure, water balance, and 
chemical properties. Pacific Islands exhibit some of the highest rates of invasive plant 
species proliferation per unit area in the world (Kleunen et al., 2015). Invasive plants 
have been shown to have higher soil nutrient content, which in turn can impact soil 
nutrient cycles, including the carbon cycle (Mack et al., 2004). While the litter of 
invasive plant species can affect soil nutrient status, little is known about the potential of 
invasive plant species to affect natural emissions of soil CO2 to the atmosphere. I sought 
to determine the role of invasive plant species in driving soil respiration fluxes on San 
Cristobal Island, Galápagos. I measured soil respiration, soil moisture, and soil nutrient 
status in test soil plots that contained either a native or invasive plant species and that 
were located at different elevations and microclimates across the island. I found that soil 
respiration was significantly higher in plots with invasive plant cover, but only at the 
lowest elevation site (P=0.022). In addition, soil moisture was negatively correlated with 
soil respiration for citrus plants (P=0.029), and varied for other plants across all sites. 
Ammonium, nitrate, and phosphate content in the soils differed among the test plots, but 
no significant relationship was found between soil nutrient content and soil respiration 
fluxes. Our results suggest that invasive plants can increase soil respiration in nutrient-
poor volcanic islands, but these results are limited to sites at low elevations. These results 
are important for the characterization of the impact of invasive species on soil nutrient 
cycling of tropical islands. Understanding the impacts of invasive plants on soil 
respiration will help us predict and protect ecosystem and soil sustainability.  
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1. Introduction 
Invasive plants are known to facilitate changes in biological processes and 
properties (Vitousek et al., 1987), soil chemistry (Rodriguez-Caballero et al., 2017; 
Baruch et al., 1999), as well as physical changes, like soil erosion (Greenwood et al., 
2014) and soil compaction (Kyle et al., 2007).  As a result, invasive plant species have 
the ability to drastically alter ecosystems by changing soil-plant interactions. Pacific 
islands in particular have shown the highest rates of proliferation of invasive plant 
species in the world per unit area (Kleunen et al., 2015). These high rates of invasion are 
thought to be caused by the availability of ecological niches that the native plant species 
are unable to fill (Kleunen et al., 2015). For example, invasive plant species are 
associated with changes in the plant and soil relationship, and can show higher plant-soil 
nutrient concentration in nutrient poor environments (Sardans et al., 2016). In other 
words, invasive plants may be able to more efficiently conserve and use nutrients when 
the soil is generally low in nutrients (Sardans et al., 2016). 
Among the Pacific Islands, the Galápagos are of exceptional interest because of 
their rich history in the study of evolution (Darwin, 1859). Although the Galápagos 
Islands are generally believed to be a pristine environment, these islands actually have an 
extraordinarily high rate of invasive plant species. Specifically, it has been reported that 
70% of the highlands of San Cristobal Island are covered in invasive species (Villa et al., 
2010). The overpopulation of introduced goats in the Galápagos Islands has become one 
of the major players in the spread of invasive plant species through seed dispersal. As the 
feral goat population has increased, there has been major changes in the vegetation 
(Coblentz, 1978).    
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One of the altering processes that has occurred in the Galápagos Islands, due to 
the invasion of non-native plants, is the growth of larger trees that have created shade 
over smaller plants in a vegetation that was formerly treeless (Jaeger et al., 2015). Larger 
trees, and their shade, have changed the microclimate and nutrient cycling of the native 
plants (Jaeger et al., 2015). The Galápagos Islands alone have a total of 750 non-native 
plant species, including both managed and non-managed invasive species, which have 
been introduced by tourists or for agricultural purposes (Coffey et al., 2011). One of the 
aspects that remain unknown in the Galápagos is how non-native species affect soil 
nutrient content and specifically natural emissions of soil CO2 fluxes, also known as soil 
respiration. 
Soil respiration can be influenced by soil nutrients, precipitation, temperature, and 
vegetation type (Dube et al., 2013). Different vegetation types influence the rate of soil 
respiration because each plant influences the soil microclimate and the structure of the 
soil differently (Raich et al., 2000). Previous studies have concluded that invasive plants 
increase the amount of carbon, phosphorus, and nitrogen in the soil as a result of their 
litter (Rodriguez-Caballero et al., 2017; Baruch et al., 1999). 
Studying soil nutrient content in the Galápagos Islands is particularly interesting 
because the Galápagos Islands are volcanic islands. Volcanic islands are typically low in 
nutrients (Yoshitake et al., 2013). Since the volcanic soil is nutrient-poor, the 
decomposition of plants that grow there is the primary driver of the nutrient cycles 
(Yoshitake et al., 2013). If non-native plant species are proliferating faster than native 
plants, they will contribute more to plant decomposition than native plants, suggesting a 
change in nutrient cycles. In fact, enhanced soil nutrient status can increase the release of 
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carbon from soils (Mack et al., 2004).  Soil nutrients impact the structure of the soil as 
well as the organic matter that is produced by the decomposition of plant litter. When the 
organic matter from plant decomposition is produced at higher rates, soil respiration 
increases when controlled for temperature, soil moisture, and substrate conditions (Raich 
et al., 2000).   
Hawaii has been a specific region of interest for studying these tendencies in 
volcanic islands. Research in the Hawaiian Archipelago found that invasive plant species 
use nutrients in the soil more efficiently than native plant species (Baruch et al., 1999).  
This is reflected in the ability of invasive plant species to outgrow and ultimately out-
compete native plant species in Pacific islands. There is little data to determine if soil 
respiration rates are higher in invasive plants, but the Hawaiian study concluded that 
differences in higher carbon dioxide assimilation rates were found in invasive plants 
across different elevations (Baruch et al., 1999). 
This study is most concerned with the lack of understanding surrounding rapid 
invasive plant proliferation and its effects on the carbon cycle in Pacific islands. 
Identifying the key factors that control the carbon cycle has been the center of many 
scientific studies due to the fact that the CO2 emissions from soil are higher than all other 
types of terrestrial-atmospheric carbon exchange (Raich et al., 2000). I sought to 
determine how fluxes in soil respiration vary across different microclimates in island 
environments where introduced species are prominent, and what controls the variability 
of these fluxes over time. I hypothesized that areas with non-native plant species would 
have higher respiration rates than areas with native plant species, and that these 
differences would be consistent across different microclimatic zones. For this study, soil 
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respiration, soil moisture, precipitation, air temperature, and soil nutrient content were 
measured. It was found that only one of three sites visited showed a significant differece 
in soil respiration rates for native and non-native plant species. The new information 
provided here will be useful for understanding the impacts of non-native plant species on 
soil nutrient dynamics in volcanic islands.  
 
2. Methods 
2.1 Study Site 
This study took place in San Cristobal, Galápagos. The Galápagos Islands are 
approximately 1000 km off the coast of Ecuador. In total, there are twenty islands that 
make up the Galápagos Archipelago. San Cristobal is the easternmost island, and the fifth 
largest. While on San Cristobal, I visited three sites that spanned both leeward and 
windward sides of the island. These sites were Mirador (leeward), Cerro Alto (leeward), 
and El Junco (windward); their corresponding altitudes are 320m, 520m, and 690m, 
respectively. Each of these three sites contained sixteen plots, eight of which contained 
native plant species and eight of which contained non-native plant species. In total, 48 
plots were visited. Plot size was no greater than 0.25 m2. There are two seasons in the 
Galápagos Islands, the wet season extends from December to May, whereas the dry 
season extends from June to November. Our study was limited to the dry season. During 





2.2 Meteorological Data 
At each site, a previously installed weather variable station recorded weather data. 
These stations were installed between June and July of 2015. They measure rainfall, air 
temperature, relative humidity, solar radiation, soil volumetric water content, wind speed, 
and wind directions at fifteen-minute intervals. In this study, precipitation, air 
temperature, and relative humidity were examined in combination with soil variables. In 
addition, between 27 June 2017 and 24 July 2017, we measured instantaneous soil 
moisture using the HydroSense II Soil Moisture Measurement System model HS2 
(Campbell Scientific Inc., Logan, Utah) three times per plot. Measurements were 
typically taken between 8 am and 2 pm.  
 
2.3 Soil Nutrients Status 
 Soil samples were collected in May of 2017 at the end of the wet season by Claire 
Qubain at Montana State University, as described elsewhere (Qubain, 2018). At each site 
thirty soil samples were taken at a depth of 15 cm. Fifteen of the thirty samples were 
collected from under native plant species, and the other fifteen were collected from under 
non-native plant species. Within twenty-four hours of the samples being taken, 
ammonium (NH4) and nitrate (NO3) were extracted using 2M KCl. Each sample was then 
gravity filtered and frozen for later analysis. The remaining soil was air-dried for one 
month and phosphate (PO43-) was extracted using ammonium fluoride and hydrochloric 
acid. Analysis was done using flow injection analysis. Ammonium, nitrate, and 
phosphate soil nutrient content were recorded at Montana State University, and sent to 
me for further statistical analysis.  
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2.4 Measurements of Soil Respiration 
Between 27 June 2017 and 24 July 2017, soil respiration was measured at each 
microclimate using the soil respiration chamber SRC-1 connected to an environmental 
gas monitor (EGM4, PP Systems, Amesbury, MA). At each of the three microclimate, 
there were thirty-two marked plots. Sixteen of these plots were chosen at random to 
measure soil respiration and soil moisture. Eight of the sixteen were marking native plant 
species and the other eight were marking non-native plant species (Table 1). At every 
plot, three or more measurements of soil respiration were taken using the SRC-1. Each 
respiration measurement took approximately 120 seconds. Chamber measurements were 
taken every 3-7 days at each plot. While the measurements were being taken, debris was 
lightly pushed aside but all roots were left intact to minimize the disturbance to the soil. 
Over the course of a month, each plot in each microclimate was visited five times. 
 
3. Results 
3.1 Meteorological Data 
Precipitation and temperature variability are presented in Figure 1. Precipitation 
values for El Junco (high elevation) reached a monthly precipitation of 149.35 mm. This 
value was considerably higher than the monthly precipitation for the other two sites; 
Mirador (low elevation) had a montly precipitation of 59.69 mm, and Cerro Alto (mid 
elevation) had the lowest monthly precipitation of 46.99 mm. Temperature data for El 
Junco was not available due to sensor malfunction. Cerro Alto showed a slightly lower 
average temperature than Mirador. The average temperature for Mirador was 18.90°C, 
and the average temperature for Cerro Alto was 18.20°C. 
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The site means for native soil moiture and non-native soil moisture were 
compared across sites (Fig. 2). Across all sites soil moisture was greater near non-native 
plants, but there was no significant difference between native and non-native plants in 
terms of associated soil moisture. 
3.2 Soil Respiration Rates 
Soil respiration varied by site when compared to precipitation (Fig. 3). Cerro Alto 
had much higher soil respiration rates than Mirador and El Junco (Fig. 3). Cerro Alto 
showed mean plot respiration rates as high as 6.53 g m-2 hr-1. There are four plots that 
represent the four points with higher respiration values. These plots were B2, B3, E2, and 
E3 (Table 2). B2 and B3 were native plots that represented plants Chiococca alba and 
Heliotropium indicum. E2 and E3 were both non-native plants Pennisetum purpureum 
(Table 2). Mirador and El Junco showed similar ranges of respiration rates despite the 
extreme differences in precipitation. 
The site means for native plant soil respiration and site means for non-native plant 
soil respiration was also compared across sites (Fig. 4). All sites showed higher 
respiration rate means for non-native species, but only Mirador was found to have a 
significant difference between the native and non-native plants, where the non-native 
plants had a higher mean soil respiration (t-test P(T>t)= 0.0219) 
Respiration rates were compared by day and by site (Fig. 5). Out of the five days, 
Mirador had significantly different values for invasive and native plants on 30 June 2017 
(P=0.0000, I>N), 6 July 2017 (P=0.0000, I>N), and 12 July 2017 (P=0.0001, I>N), when 
non-native plants had higher respiration rate values. The first and last days of 
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measurement were similar for the non-native and native plants and the differences 
between native and non-native respiration rates were not significant (Fig. 5). 
During the first week of fieldwork, soil moisture was not measured. When the soil 
moisture rates were compared there were only four days to compare instead of five. Apart 
from the first day that measurements were taken at El Junco, there was a statistically 
significant difference (P< 0.0001, I>N) between non-native and native plants (Fig. 5). 
There exists a negative linear relationship between soil respiration and soil 
moisture (Fig. 6). At Cerro Alto, this relationship can be explained in part by the large 
values observed at plots B2, B3, E2, and E3 (Table 2). These plots consistently exhibited 
much higher soil respiration rates. These plots were removed from the graph because 
while the values were consistent in time, they appeared anomalous to the rest of the 
measurements for other sites. This could be the result of local variability caused by a 
recent fire in the area. When these points were removed from the graph, the relationship 
between soil respiration and moisture became significant (P= 0.036). Citrus sinesis, a 
non-native plant species, known to have a unique relationship between soil respiration, 
air temperature, and soil moisture (Bryla et al., 2001), was removed at Mirador in order 
to observe the relationship between soil respiration and soil moisture acconting for this 
unique effect. The relationship between soil respiration and soil moisture became more 
positive, but not statistically significant. Figure 7 shows the relationship between soil 
moisture and soil respiration at Mirador for Citrus sinesis. This relationship was 
statistically significant, P=0.029. In sum, the negative relationship between soil moisture 
and soil respiration might be explained by Citrus sinesis. 
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To further investigate the negative relationship between soil moisture and soil 
respiration, we analyzed the driest and wettest days (Fig. 8). The driest day at El Junco 
was 11 July and the wettest day was 14 July. The driest day at Cerro Alto was 12 July, 
and showed a significant linear relationship between soil respiration and soil moisture 
using a simple regression (P= 7.12E-7). The wettest day at Cerro Alto was 17 July. The 
driest day at Mirador was July 12 and the wettest day was 30 June. These days were 
chosen based on the precipitation sum of the three days before, up until the time that the 
measurements were taken. Extreme precipitation can be an explanation for the negative 
relationship between soil respiration and soil moisture.   
 
3.3 Soil Nutrients 
Mirador showed significantly higher nitrate (P=0.029) in native plant soils (Fig. 
9). El Junco also showed significantly higher nitrate (P=0.006) in native plant soils and 
significantly higher ammonium (P=0.006) in native plant soils (Fig. 9). Cerro Alto 
showed significantly higher phosphorus (P=0.0007) in non-native plant soils (Fig. 9). 
Therefore, the majority of measurements rejected our expected hypothesis of plots with 
non-native species having greater concentrations of nutrients. 
 
4. Discussion: 
4.1 What are the differences in respiration rates between native and non-native 
plant species in volcanic soils? 
Across the different microclimatic zones, non-native plant species tended to show 
higher average respiration rates than the native plant species (Fig. 4). However, only one 
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site, Mirador, was found to have a statistically significant relationship between these 
variables. Interestingly, this site also exhibited a lower precipitation value over the study 
period. It is possible that the lack of precipitation plays a role in enhancing the 
differences in soil respiration by non-native and native species. To the best of our 
knowledge, the role of precipitation in enhancing the differences in soil respiration 
between native and non-native species has not been previously reported.  
Soil moisture was taken simultaneously with soil respiration to determine if it was 
the primary factor for increasing soil respiration. The average soil moisture rates for the 
non-native plants were higher than the average rates for the native plants, differences in 
soil moisture between native and invasive plant species were not significant (Fig. 2). Past 
studies have shown that soil respiration and soil moisture have a positive linear 
relationship: as one increases the other should also increase (Freeman et al., 2008; Raich 
et al., 2000). When we looked at the relationship between soil respiration and soil 
moisture in this study (Fig. 6), we observed the opposite relationship. We looked through 
the data more carefully to identify the plants that had the greatest effect on this 
unexpected negative relationship. 
The managed, non-native, Citrus sinesis plant had a statistically significant 
negative relationship for soil moisture and soil respiration at Mirador (Fig. 7). According 
to prior research, Citrus plants have a unique relationship between air temperature and 
soil respiration. One study observed that when temperatures are held constant, respiration 
rates acclimated to the controlled temperature for the Citrus plants (Bryla et al., 2001). It 
was also found that the temperature influenced the response of this plant to changes in 
soil moisture (Bryla et al., 2001). When the Citrus plant data was removed, the 
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relationship between soil respiration and soil moisture at Mirador did become more 
positive, but remained statistically  insignificant. 
Plots E2, E3, B2, and B3 at Cerro Alto were also individually analyzed due to 
their unusually high respiration rates and low soil moisture rates. E2 and E3 are the non-
native plant Pennisetum purpureum, commonly known as Elephant Grass. Generally 
grasses have higher respiration rates due to their quick turnover rates (Raich et al., 2000). 
These quick turnover rates could be the cause of the higher-than-expected soil respiration 
rates. The plot B2 is the native plant Chicocca alba and B3 is the native plant 
Heloptropium indicum. Chicocca alba is a small shrub and Heloptropium indicum is a 
weed-like plant with purple flowers. The high respiration rates for these native plants 
could be due to a large storage of nutrients in the soil, or the high rates could be 
explained by a recent fire in the area.  
Native and non-native plants were evaluated by day in Figure 5. A similar 
relationship was observed, where the invasive plant species appeared to have slightly 
higher soil respiration rates than the native plants on most days. For Mirador, this was 
observed on measurements 2, 3, and 4 when significant differences between native and 
non-native plants emerged with invasive plants exhibiting greater soil respiration rates 
than native plants. This data suggests that there is a difference between the soil 
respiration rates between native and non-native plant species in these conditions at this 
site. 
 
4.2 How do these fluxes differ across different microclimates? 
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The microclimates of our sampling sites were compared using weather variables: 
precipitation, relative humidity, and air temperature. There was no air temperature data 
available at El Junco, but Cerro Alto and Mirador showed relatively constant air 
temperature throughout the five weeks (Fig. 1). The variable with the greatest variability 
between sites was precipitation. I compared soil respiration and monthly precipitation 
sums and found an unexpected finding that soil respiration rates increased with 
decreasing precipitation (Fig. 3). Cerro Alto showed the lowest monthly sum of 46.99 
mm of precipitation, but had respiration rates that were much higher than the other two 
sites, even when plots E2, E3, B2, and B3 were removed. Figure 4 and Figure 2 show the 
relationship between soil moisture and soil respiration, and like Figure 3, these graphs 
show that Cerro Alto has the lowest soil moisture and the highest soil respiration. 
One past study indicated that below a certain soil moisture percentage the soil 
respiration rates will sharply decrease, but respiration rates will also decline if the soil 
moisture percentage is too high (Suseela et al., 2011). Figure 3 seemed to indicate that the 
soil moisture data was a part of this bell curve, which would result in the decrease in soil 
respiration. However, when comparing the driest days and the wettest days (Fig. 8), it 
was seen that this was not the case for all three sites. Further studies are needed to 
determine if the soil moisture bell curve applies to the soil at the three sites.  
 
4.3 What controls the variability of these fluxes over long and short time scales?  
This data was collected over the course of five weeks. None of the sites showed 
constant soil respiration or soil moisture over the given time scale. We hypothesized that 
these fluxes were controlled by weather variables, especially precipitation. Figure 5 
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shows the soil respiration variability over five weeks. This figure indicates that there is 
variability of soil respiration fluxes by day. Time scales of a year or longer would be 
beneficial to determine the effects of precipitation. 
The driest and the wettest days across the sites were compared in figure 8. If the 
driest day resulted in a positive slope and the wettest day resulted in a negative slope, it 
might indicate that a threshold of soil moisture had been reached. El Junco was the only 
site that showed such a trend, suggesting that soil moisture and precipitation were not the 
only variables affecting soil respiration rates. Climate and temperature patterns have also 
been shown to affect soil respiration rates in wet environments (Dominguez et al., 2017).  
The Galápagos Islands have distinct wet and dry seasons. For future research, it 
would be beneficial to measure soil respiration and soil moisture throughout these 
seasons, and especially during their transition periods. The measurements reported here 
were taken during the middle of the dry season, but research has shown that at the 
beginning of a rainy season, following the dry months, there will be a moment when soil 
respiration increases rapidly (Leon et al., 2014). It would be important to characterize the 
effects that these “hot moments” and extreme changes in precipitation have on the native 
and non-native plant respiration patterns in the future. 
 
4.4 What are the possible causes of the improbable relationship between non-native 
plants and soil nutrient status?  
The soil content data was collected in May 2017. We looked at soil amonium, 
nitrate, and phosphate concentrations. NH4, NO3, and PO43- varied across all sites. Figure 9 
indicates that there is variability of nutrient status across the different elevations. NO3 
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was significantly higher under native plants at Mirador and El Junco, and NH4 was 
significantly higher under the native plants at El Junco. This data shows that the influence 
of non-native plants did not agree with the studies that concluded nutrient content is 
greater under non-native species (Liao et al., 2008; Vitousek and Walker et al., 1987). 
PO43- was the only nutrient significantly higher under non-native plant species, but this 
significant relationship only occured at one site, El Junco. This unexpected relationship 
may be due to the agriculturally managed sites, as well as the livestock and their 
influence on soil chemistry. In the future, it would be beneficial to avoid sites with free-
range livestock that can impact soil nutrient status.  
 
5. Conclusion 
I hypothesized that areas with non-native plant species would have higher 
respiration rates than areas with native plant species, and that these differences would be 
consistent across different microclimatic zones. However, this was only the case at one 
site, Mirador. I also found that precipitation was a major driver for soil respiration, and 
hypothesized that livestock and agriculturally managed sites may be responsible for 
obscuring the relationship between soil respiration and soil nutrient content.  
In the future, nutrient data in both the wet and dry seasons, as well as long-term 
weather and soil respiration data should help to explain the relationships observed 
between non-native species and soil respiration. The study of non-native plants in the 
Pacific islands will be extremely important going forward, because these islands have the 
highest proliferation of non-native plant species globally. The changes in biological 
processes, including soil respiration, that these non-native plant species bring, will not 
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only have an impact on the ecosystem, but also have an impact on human health and soil 
sustainability. The impacts of non-native plants on soil respiration suggests that 
interventions such as travel regulations and limiting agricultural plants should be more 
highly regulated across the Pacific Islands in order to decrease the rapid invasions of non-
native plants.  
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Figure 1. Daily weather variables including monthly precipitation (mm) over time shown 
on the left vertical axis and temperature (°C) shown on the right vertical axis at Cerro 








Figure 2. Mean Soil Moisture measurements (%) for Native and Invasive plants at 



















Figure 3.  Average soil respiration rates at each plot, at each site with the monthly 














Figure 4. Mean soil respiration rates for native and invasive plants at Mirador, Cerro 
Alto, and El Junco. (*) is used to represent the statistically significant difference at 


























Figure 5. Average Soil Respiration and Soil Moisture measurements for native and 
invasive plants by day, by site. (* t-test, P (I>N)< .0001). Invasive plant species 
measurements are represented by white boxes and native plant species measurements are 






















Figure 7.  Soil Respiration and Soil moisture relationship for the invasive plant, Citrus 




























Figure 8. Mean Soil Respiration and Soil Moisture on the driest and wettest days. The 
top row represents the wettest days and the bottom row represents the driest days. 























Figure 9. Ammonium, nitrate, and phosphate mean measurements (mg/kg) for native and 
invasive species. Mirador, * P= 0.032, NO3N. Cerro Alto, * P=0.0007, PO43P.  
































Table 2. Species Name and Plot Number for Native and Invasive Plants  
 
 
